Significantly enhanced mixing ratios of aerosol SO42-, NO3-, and NH4 + were also concomitant with the elevated Ca 2+, suggesting transport of both crustal and anthropogenic aerosols to the upper troposphere. The mass concentration of water-soluble aerosol material was in the range 0.1 -6 pg m -3 STP, and estimated crustal dust levels were 7 -160 pg m '3 STP.
Dust storms also occur in springtime over the central and southwestern United States. Indeed, wind-generated soil material is the dominant form of primary continental particles [Gillette, 1980] . The size distribution of soil-derived particles in the troposphere is bimodal, with large particles exhibiting a mode around 50 pm diameter and small ones in the 1 -10 pm range [Patterson and Gillette, 1977 These values are about a factor of 4 larger than the median mixing ratios observed at 6 -12 km altitude when Ca 2+ was <100 pptv: 35 pptv SOu 2-, 40 pptv NO3', and 70 pptv NHa +. There was little correlation between NO3' and Ca 2+ (r 2 < 0.3) which indicates that NO 3-was not associated with soil dust as it has been found to be in the boundary layer [Wolff, 1983; Talbot et al., 1988] .
The best correlation between these three aerosol species and Ca 2+ was with SO42' for mixing ratios of Ca 2+ >50 pptv (Fig. 2) On a couple of flights we observed positive correlation between mixing ratios of aerosol Ca 2+ and NO (Fig. 3) . In particular, flights 6 and 9 showed this relationship. The correlation between Ca 2+ and NO is probably related to the transport of boundary layer air enriched in these species to the upper troposphere. It is highly unlikely that such large mixing ratios of NO would persist in longrange transported air parcels. About 50% of the enhanced Ca 2+ values on these flights were observed in air parcels with ice particle It is clear from the aerosol compositional summary presented in Table I that large mixing ratios of Ca 2+ were coincident with substantial transport of SO42-, NO.3', and NH4 +, and Mg 2+ into the middle and upper troposphere. This also appears to be true for trace gases such as CO and NO (Fig. 3) . There was poor correlation between Ca 2+ and 21øPb concentrations, presumably due to recent rapid transport of 222Rn gas from the boundary layer to the upper troposphere on time scales too short for significant production of 21øPb in the sampled air parcels.
During the high Ca 2+ events the water-soluble artion/cation bulk ratio was decreased by a factor of 5 (Table 1) . It is interesting to note that the NH•+/(NO3 -+ SO• 2') ratio was apparently unaffected. The bulk aerosol compositional ratios of K+/Ca 2+, Mg2+/Ca 2+, and Na+/Ca 2+ for the convective cases ( We also compared the S/Ca ratio (i.e., S based on the SO42-mixing ratios) in the bulk aerosol convection ca•es and found that it was on average I 0-fold larger than that expected for limestone [Cornille et al., 1990] . This suggests that the majority of the sulfur was derived from anthropogenic sources. Since the aerosol data We can only speculate on the mechanism by which substantial boundary layer aerosols were transported to the free troposphere. It is likely that crustal aerosol was suspended into the atmosphere by wind erosion which commonly occurs during springtime in the southwestern United States [Gillette and Hanson, 1989 ]. In addition, large mesoscale convective complexes (MCC's) . However, these storm systems were predominately associated with wet convective activity. In the spring of 1996 the central United States experienced a modest drought (i.e., precipitation was <50% of the climatological average from January to May), so the environmental conditions favored suspension of crustal materials due to storm activity. We believe that it is unlikely that the crustal aerosol observed in the upper troposphere was related to long-range transport due to the high mixing ratios of dust, NO, CO, and SO42' aerosol.
Conclusion
The data presented in this paper indicates that boundary layer aerosols have a significant influence on the chemical composition and mixing ratios of aerosol associated water-soluble species in the middle and upper troposphere over the south-central United States in springtime. Our observations suggest vertical transport of anthropogenic and crustal material in association with storm systems passing through this region. Additional measurements are needed to assess whether this phenomenon was related specifically to the region's drought during 1996 or if it is a common occurrence in spring and summertime. If it is persistent, this vertical transport of aerosol materials could have an impact on cloud and contrail formation over the central United States. It also may have implications for direct (scattering by dust) and indirect (scattering by clouds) radiative effects over continental areas.
